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We present a search for ANTARES neutrino events in spatial and temporal coincidence with IceCube High-Energy Starting Events (HESE). This analysis uses a maximum likelihood ratio approach based on track events due to muons induced by neutrino interactions observed with ANTARES. Each HESE is treated as the signature of a potential transient neutrino source while the neutrino burst duration, the source direction and the number of ANTARES signal events are obtained as those maximising the likelihood. Before applying the method to the unblinded ANTARES dataset, its sensitivity and discovery potential are computed through dedicated pseudo-experiments. This study provides an effective way to acquire information on the possible origin of the IceCube astrophysical signal from transient sources.
Introduction
High-energy neutrinos are expected to be produced in cosmic-ray sources. Since they are electrically neutral, weakly interacting and traveling straight from their source without suffering from absorption, neutrinos are unique messengers to further understand the particle acceleration processes in such astrophysical sources.
A high-energy neutrino diffuse flux of cosmic origin has been identified by the IceCube telescope (see e.g. [1] ), the sources of which have not been identified yet. In this context, it was pointed out that two of the so-called IceCube High-Energy Starting Events (HESE) occurred within 1 day of each other with a p-value of 1.6% [2] . Consequently, this was interpreted as the signature of a possible transient point source of very high-energy neutrinos in this part of the sky.
When dealing with transient emissions, the background of atmospheric neutrinos can be significantly reduced using a time-dependent approach that consists in searching for astrophysical neutrinos in smaller time windows around source flares (see e.g. [3] ).
Here, we propose a model-independent approach based on the timing properties of both the ANTARES and IceCube data samples. In particular, we search for correlations in space and time between ANTARES muon neutrino candidates and thirteen muon track HESE previously published by the IceCube collaboration. The analysis uses a maximum likelihood ratio approach where each HESE is treated as the signature of a potential transient neutrino source while the neutrino burst duration, the number of ANTARES signal events and the source position are obtained as those maximising the likelihood.
Section 2 reports the IceCube and ANTARES datasets used in this analysis. The method used in the analysis is presented in section 3, while section 4 provides with the preliminary sensitivity and discovery potential, before concluding in section 5.
Data Sample
This analysis makes use of the thirteen HESE muon track candidates 1 detected by the IceCube neutrino telescope within the field-of-view of the ANTARES detector. They have been observed from September 2010 to April 2014 with a median angular error of ∼ 1.3 • (see table 1 ).
Data of the ANTARES neutrino telescope [5] collected from March 01, 2010 to October 31, 2014 are used in order to overlap the IceCube dataset and to search for flares lasting up to 6 months. Only events reconstructed as muon tracks are included in the dataset. These events are reconstructed by means of a multi-step procedure that estimates the direction and position of the muon using a maximum likelihood fit [6] . Events are selected applying cuts on parameters provided by the reconstruction mechanism: the reconstructed zenith angle (cos θ > −0.1), the estimated angular error (β < 1 • ) and the parameter that describes the quality of the reconstruction (Λ > −5.2).
Further cuts are applied on energy-related variables to guarantee the validity of the muon energy estimator employed in this analysis -an approximation of the muon energy deposit per unit path length, hereafter referred as ρ [7, 8] . These cuts were optimized for the latest ANTARES pointsource analysis as detailed in [9] . The distribution of Λ and β for data, simulated cosmic and atmospheric neutrinos and atmospheric muons is shown in Figure 1 . The selection yields a total of 4391 neutrino candidates.
Search Method
An unbinned method based on an extended maximum likelihood ratio test statistic is employed to look for clusters of events in time and spatial coincidence with the HESE candidates. The used likelihood is defined as
where S i and B i are the values of the signal and background probability density functions (PDFs) for the event i, µ sig is the number of fitted signal events and N is the total number of events in the data sample. To improve the signal-to-background discrimination, the combined information of three parameters -direction, energy and observation time -is included in the definition of the signal and background PDFs. For each event i, the probability of being reconstructed as signal or background is given by
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ANTARES search for time correlations with IceCube HESE G. Illuminati S space (∆Ψ i , β i ) is a parameterization of the point spread function, i.e. the probability density function of reconstructing the event i at a given angular distance ∆Ψ i from the true source location. The information of the event angular error estimate β i is also included. The shape of this PDF is determined from Monte-Carlo simulations of cosmic neutrinos assuming an E −2.5 energy spectrum.
S energy (ρ i , β i |δ i ) and B energy (ρ i , β i |δ i ) give the probability for a signal or background event to be reconstructed with an energy estimator ρ i and an angular error estimate β i . The dependence of the energy estimator on the declination δ i of the event is taken into account by generating both the PDFs in steps of 0.2 over sin δ . Monte-Carlo simulations of E −2.5 energy spectrum cosmic neutrinos (signal) and of atmospheric neutrinos (background) are used to derive the energy PDFs.
S time (t i ) is the signal time-dependent PDF, defined as a Gaussian function :
. Here, t i is the arrival time of the event i, t HESE is the observation time of the HESE candidate, and σ t is the fitted flare duration.
B space (δ i ) yields the probability of reconstructing a background event with a certain declination δ i . It is derived from data using the observed declination distribution of the selected events.
ANTARES search for time correlations with IceCube HESE G. Illuminati B time (t i ) describes the probability to have a background event at a given time t i . This PDF is built using the time distribution of both up-going and down-going data events required to satisfy looser selection criteria (Λ > −5.4 and β < 1 • ). This reduces statistical fluctuations while ensuring a good reconstruction quality.
The number of signal events µ sig and the flare duration σ t are fitted in the likelihood maximization. Moreover, the position in the sky of the fitted source is left free to vary around the position of the IC track within a cone twice as large as the estimated angular error.
The performances of the presented time-dependent analysis are determined by means of pseudoexperiments (PEs), i.e. performing the search for time and spatial correlation on blinded data. In each PE, a fake sky-map containing a number of background events equal to the amount of selected data events and a number of signal events ranging between 0 and 30, is generated. The simulated directions of the background events are randomly drawn from the zenith and azimuth distributions of the selected data. The distribution of the reconstructed zenith angle is shown in Figure 2 . Using a time randomly extracted from the time distribution of the data events selected with a looser set of cuts, the equatorial coordinates are computed. Number of selected data events as a function of the reconstructed zenith angle. The distribution of the background rate is parametrised by two different spline functions, P(θ ) and O(θ ) (the purple and orange lines) . In order to account for possible systematic uncertainties on the background, the zenith-dependent distribution of background events, B(θ ), in each PE is determined as
with r being a random number drawn from a uniform distribution between -1 and 1.
The simulated signal events are injected around a given source position (one of the 13 HESE candidates) and are assigned a time drawn from a Gaussian function characterized by a mean and a sigma given by the HESE observation time and the tested flare duration respectively. In each PE, the position of the 13 HESE candidates is scanned to look for clustering of events with respect to the expected background. The signal likeness of a cluster is determined by a test statistic computed as 
Estimated performances
The detection power (at 50% confidence level) and sensitivity of the analysis are estimated through pseudo-experiments performed as described above. Figure 4 shows the preliminary discovery potential and sensitivity for the IceCube HESE with ID 3 as a function of the flare duration.
The ANTARES data are currently blinded. They will be unblinded after having added ANTARES shower events. The 29 high-energy muon events observed by IceCube [10] will be added to the dataset as well before unblinding the analysis.
Conclusions
A time-correlation analysis between the IceCube/HESE muon track sample and ANTARES muon neutrino candidates observed from 2010 to 2014 has been presented. Using a maximum likelihood ratio approach, it provides with a new way to constrain the origin of the IceCube astrophysical signal from possible transient sources. Limits can be set on the maximal amount of signal events in ANTARES related to a flare of a certain duration. Preliminary results show that sensitivity and discovery potential are better by at least a factor of two compared to time-integrated analyses. In the near future, ANTARES shower events will be included in the analysis and the 29 high-energy muon events observed by IceCube [10] will be added to the dataset as well. The analysis will be unblinded afterwards.
PoS(ICRC2017)987
ANTARES search for time correlations with IceCube HESE G. Illuminati 
